We present a model of the stellar populations in the fields observed by one of the SuperWASP-N cameras in the 2004 observing season. We use the Besançon Galactic model to define the range of stellar types and metallicities present, and populate these objects with transiting extrasolar planets using the metallicity relation of Fischer & Valenti.
I N T RO D U C T I O N
Since the discovery of 51 Peg b by Mayor & Queloz (1995) , a total of 181 extrasolar planets around 155 stars (as of 2006 May) have been discovered, 1 almost exclusively by radial velocity measurements. It was only with the discovery that HD209458b transits its host star (Charbonneau et al. 2000) that both the mass and radius of an extrasolar planet were first determined. A further eight transiting extrasolar planets have been discovered in the last few years. Most of these planets have been discovered with the Optical Grav-itational Lensing Experiment (OGLE) transit survey (e.g. Konacki et al. 2003) , which is a deep-field survey. SuperWASP (Wide Angle Search for Planets) is a wide-field transit survey, which is capable of detecting planetary transits of stars that are bright enough for high-precision radial velocity follow-up observations.
Transit surveys have the potential to find numerous hot Jupiterlike planets (HJs) , that is Jupiter-sized planets which orbit close to their host star with periods of just a few days. The probability that a HJ system is aligned such that transits will occur is about 0.1; which is much more favourable than planets orbiting at greater distances. (For an Earth-like orbit, the probability of transit alignment is 0.0046.)
Crucially, the detection of transiting planets allows the determination of the average density of the planet. This is of interest for planet formation models, particularly since HD209458b appears to have an anomalously low density (Charbonneau et al. 2000) , which is not well understood.
Previous attempts have been made to estimate the expected detection rates of transiting HJs by shallow, wide-field transit surveys similar to SuperWASP (e.g. Brown 2003) . Based on an observing pattern consisting of 38 nights of observations spread over 91 d and a requirement that three or more transits are observed, Brown calculated the detection rate of HJs producing a transit of depth 1 per cent or greater to be 0.39 per 10 4 stars. Brown also estimates that, for the same observing window function, 4.51 false alarms will be detected per 10 4 stars -indicating that only 8 per cent of transit signals detected will be produced by planets. These planetary transit 'impostors' are grazing eclipsing binaries and eclipsing binaries diluted by light from a third star (either a field star or the third member of a triple system).
The SuperWASP survey has the potential to define the population of extrasolar planets which transit nearby bright stars (V < 13). In order for the results of SuperWASP to be properly interpreted, it is essential that the selection effects that operate in the survey are well understood. In this work, we use the findings of Pont (2006) and Pont (2006) to estimate SuperWASP's detection rate in the presence of realistic levels of systematic red noise. We find that in order to detect a significant number of transiting planets, the existence of red noise necessitates much longer observing baselines than previously thought.
O B S E RVAT I O N S
SuperWASP is a wide-field transit survey with instruments at the Isaac Newton Group on La Palma (SuperWASP-N) and at the South African Astronomical Observatory, near Sutherland, RSA (SuperWASP-S). SuperWASP-N started observing in 2004, and SuperWASP-S was commissioned in early 2006.
Each SuperWASP installation comprises an array of eight 200-mm f/1.8 Canon camera lenses, 2 each with a 4 megapixel CCD recording a 7.8
• by 7.8
• field. These eight cameras are mounted on a fork mount, which is housed in an enclosure with a hydraulically operated roof. The enclosure also contains the operating computers and a weather station.
The observing strategy for the 2004 season was designed to maximize the number of stars that could be hunted for transits -overcrowded fields near the galactic plane were avoided (Christian et al. 2005) . Up to eight sets of fields were observed at a time, with around a minute spent on each, including a 30-s exposure, 4 s of read-out time and slewing, giving measurements about 7-8 min apart.
DATA R E D U C T I O N
Since each SuperWASP exposure generates an 8.4-Mb image file, a large quantity of data is stored and processed; this is done using a custom-written data reduction pipeline (Pollacco et al. 2006) . The pipeline uses the Tycho 2 (Høg et al. 2000) and USNO B (Monet et al. 2003) catalogues to prepare an astrometric solution for each field. Aperture photometry is performed on all objects, using three different-sized apertures, and a blending index is assigned for each object. Airmass and CCD position trends are removed from the data before it is archived at the University of Leicester.
We search for transits in the data using a hybrid Box LeastSquares and Newton-Raphson algorithm, HUNTER, developed by Collier Cameron et al. (2006) . Prior to searching for transits with HUNTER, the SYSREM algorithm of Tamuz, Mazeh & Zucker (2005) is applied to the data to reduce systematic errors. Four components of systematic error are removed with SYSREM; it is thought that two of these are caused by airmass variations and thermal changes in the camera focus, but the causes of the other two are unknown (Collier Cameron et al. 2006) .
HUNTER searches a grid of transit periods and epochs to fit a transit model to the data. The χ 2 statistic is used to determine whether a best-fitting model includes a transit and, if so, to determine the bestfitting transit parameters for each candidate. Pont (2006) demonstrated that there is likely to be significant covariance structure in the noise in data from ground-based photometric surveys, such as SuperWASP. Previous forecasts of the planet 'catch' from such instruments (e.g. Horne 2001) have assumed that such noise is uncorrelated or 'white' in nature. Pont suggests that the reduced signal-to-noise ratio caused by correlated or 'red' noise can account for an observed shortfall in transiting planet detections.
' C O L O U R S ' O F N O I S E I N P H OTO M E T R I C DATA
Noise consisting of white, independent, random noise combined with red, covariant, systematic noise is termed 'pink', and, unlike white noise, cannot be removed by averaging the data. Pont showed that systematic noise, correlated on time-scales equivalent to a typical hot Jupiter transit (≈2.5 h) cannot be ignored and indeed tends to be the dominant type of noise for bright stars. It therefore seems likely that the noise in SuperWASP data will be pink.
C H A R AC T E R I Z AT I O N O F S uperWA S P N O I S E
The simplest method of establishing the level of correlated noise present in the data is to compute a running average of the data over the n data points contained in a transit-length time interval (Pont, Zucker & Queloz 2006) . The transit duration chosen here is 2.5 h, which is the transit duration corresponding to a planet orbiting a solar analogue, with a period of 2.6 d -typical of a hot Jupiter. Since exposures are taken at roughly 7-min intervals, there are about n = 20 points in each interval.
If the noise is purely random, the rms scatter in the average of n data points should be σ w = σ √ n, where σ is the standard rms of the whole light curve. If, however, there is a systematic component in the noise, the rms scatter of the average of n points will be greater than this.
The rms scatter, σ , is calculated for each of the 822 stars determined to be non-variable in the field centred at 15 h 17 min RA, +23
• 26 Dec. for which light curves have been produced by the SuperWASP data reduction pipeline. The noisiest 25 per cent of the data points in each light curve, corresponding to measurements made around full moon and during Sahara dust events, are excluded from the analysis. Stars are determined to be variable, and excluded from the analysis, if σ 2 s > 0.005 mag, where σ 2 s is the variance caused by intrinsic stellar variability, derived from the χ 2 statistic for a constant-flux model.
The running average, σ r , over 20 points is also calculated for each of these stars, with the same exclusions of the noisiest data and intrinsically variable stars.
Both σ w and σ r are calculated prior to, and after, de-correlation with SYSREM. These quantities, and σ , are plotted against magnitude for the 822 non-variable stars in the field in Fig. 1 . As indicated by the differences between Figs 1(a) and (b), the SYSREM algorithm is highly effective at reducing the levels of systematic noise present in the data. Fig. 1 (b) also shows, however, that not all correlation in the noise is removed by SYSREM. If that were the case, the σ r curve would lie over the σ w curve. Instead, the σ r curve lies higher than σ w , and flattens out at about 3 mmag for bright (V = 9.5) stars, indicating that systematic trends of this magnitude are present in the data on a 2.5-h time-scale.
S I M U L AT E D P L A N E T C AT C H
We model the objects in the 36 fields viewed by one of the Super-WASP cameras in the 2004 season, by using the Besançon model of the Galaxy (Robin et al. 2003) to generate a star catalogue of stars with 9.5 < V < 13.0 for each of the fields. Planets are then assigned to stars that are of spectral class F, G or K and luminosity class IV or V on the basis of their metallicity, using the planet-metallicity relation of Fischer & Valenti (2005) :
where P(planet) is the probability that a particular star of metallicity [Fe/H] is host to a planet. The above equation is used for stars which have metallicities in the range −0. Only stars of spectral type F, G and K are allocated a non-zero planet hosting probability, since the Fischer & Valenti (2005) equation is based upon radial velocity observations of stars of this type only. This does not pose a significant problem, however, as earlytype stars are not numerous and have radii that are too great for transit detection. M-type stars are not particularly numerous in the Besançon-generated catalogues either (about 2.8 per cent of the stars are of type M or later), because the sample is limited by apparent magnitude, not volume. Although the transit signal produced by a Jupiter-like planet orbiting an M dwarf star will be greater than that produced by, say, a G dwarf star, M dwarfs are thought to be less likely to harbour giant planets (Adams, Bodenheimer & Laughlin 2005) . Similarly, only subgiants and dwarfs are considered planet hosts, since any planet orbiting a giant star would produce an insufficiently deep transit signature to be detected.
The probability that a star hosts a transiting planet is calculated using
where P(alignment) is the probability of a given planetary system being aligned with respect to the line of sight such that a transit can be observed. This is given by
where R * is the stellar radius, R p the planetary radius and a the semimajor axis of the system. The semimajor axis of each potential planetary system in the model is drawn randomly from a distribution that is uniform in log (a), between 0.02 < a < 5.25 au. This simple log-flat distribution of semimajor axes is compared to the actual distribution of a amongst extrasolar planets discovered by Doppler surveys in Fig. 2 . Our distribution appears to be a poor fit to the observed distribution in the regime favoured by transit surveys (a 0.05 au), which may lead to an overestimation of the number of very short-period planets. The distributions, however, closely agree on the fraction of planets with a 0.05 au -14 per cent of the Doppler survey planets have a 0.05 au, while the model distribution gives 16 per cent. All variables are defined in the text.
On the basis of the probability P(transit), for each star, it is determined whether or not a star hosts a transiting planet. It is assumed, for simplicity, that all planets have a radius, R p , equal to that of Jupiter, R J . The depth of transit, m, is determined from the equation of Tingley & Sackett (2005) ,
The factor of 1.3 in the above equation takes account of the effect of stellar limb-darkening, and although this assumes a central transit, off-centre transits will only have a slightly smaller limb-darkening factor (Tingley & Sackett 2005) . A total of 355 429 stars are generated by the Besançon model in the 36 fields, 165 586 (46.6 per cent) of which are of type F, G or K and class IV or V. The simulation described above results in the allocation of a transiting planet to 329 of these stars, although this number changes each time the simulation is run because it relies on random numbers (see Section 7.2 for discussion on this). The transit depths of these 329 systems are calculated using equation (4).
The detection thresholds for planet detection are determined by fitting lines to the white and red noise curves of Fig. 1(b) . The data are modelled with a constant term and a term which is inversely proportional to the flux of each object. This leads to fitted lines of the form σ = c 1 + c 2 10 0.4V , where c 1 and c 2 are constants which are fitted for, and V is the V-band magnitude. The values of the constants c 1 and c 2 , as determined by χ 2 minimization, for red and white noise are shown in Table 1 .
These functions, σ w and σ r , of magnitude are the 1σ detection thresholds for the white and red noise cases, respectively. The transit depths of the 329 simulated transiting planets are plotted as a function of magnitude along with the 5σ detection thresholds for white and red noise in Fig. 3 . A total of 28 of the 329 planets have transit depths greater than the 5σ detection threshold for white noise, but only one has a depth greater than the equivalent threshold when red noise is considered.
Signal-to-noise ratios
Although Fig. 3 provides a neat illustration of the reduction in planet detection efficiency experienced when red noise is present in the data, an analysis of the signal-to-noise ratio allows a fuller picture of the red noise problem to emerge.
The signal-to-noise ratio, S red , is a function of the number of observations made in-transit, as well as the depth of the transit. In the presence of red noise, S red is given by
where n trans is the number of transits observed. S red is similar to the S r statistic of Pont et al. (2006) , which also considers white noise. In the regime applicable to this work, where red noise dominates, S r simplifies to our expression for S red . S red is a criterion used in the selection of planetary transit candidates for follow-up spectroscopic observations (Collier Cameron et al. 2006 ), a signal-to-noise ratio of 10 or greater is required in order for an object to be considered as a viable transit candidate. This is a compromise between allowing too many false positive detections and rejecting large numbers of genuine transiting planets.
The S red values of the simulated planets can be calculated using equation (5), since the transit depth, m and the rms scatter as a function of magnitude for red noise, σ r (V), are already known. n trans depends on the observing pattern and observing baseline used; here, it is calculated for each simulated transiting planet using the observation times of three SuperWASP fields, the details of which are summarized in Table 2 .
Each simulated planet is assigned a random epoch which is combined with the orbital period to produce an ephemeris for each simulated planet.
The transit duration, D, is calculated using the following relation,
where P is the orbital period and circular orbits are assumed. The ephemeris and the transit duration are used to determine whether the system is in or out of transit at each time of observation, and hence n trans is calculated. Here, partially observed transits with more than five observations are counted towards n trans . The signalto-noise ratio for each simulated planet is calculated for each of the three different observing baselines; the results are plotted in Fig. 4 . The number of simulated transiting planets with S red greater than or equal to 10 was also calculated for each of the 20 fields which have at least 10 nights of observations. Each of these fields has a different number of nights of observations, and this is reflected in the simulation, which was conducted 100 times to reduce the problems of small number statistics. A total of 3.72 ± 1.60 planets were detected from a population of 151 ± 13 transiting extrasolar planets. The detailed results of this simulation are shown in Table 3 , and the detection rate for these fields is plotted as a function of the number of observing nights in Fig. 7 . Also plotted in Fig. 7 are the detection rates produced by the full simulation for the case of both one and two seasons of observing. The detection rate of transiting extrasolar planets increases linearly with the number of observing nights.
D I S C U S S I O N

Red noise and the SYSREM algorithm
The SYSREM algorithm is employed to remove four components of systematic error by removing trends which are present in all the stars in a particular field. If the implementation of SYSREM is changed so that the number of trends set for removal is increased to five or more, no change in the quality of the data is observed. Despite this, however, red noise -as demonstrated in Section 5 -is still present in the data. We postulate that this remaining red noise does not affect stars in all parts of the field and so it cannot be removed by SYSREM. Instead, we suggest that the surviving red noise is localized and is most likely to be caused by variations in detector characteristics coupled with variations in the tracking of the mount. For instance, a particular group of stars may drift over the shadow cast on the CCD by a grain of dust on the optics, producing a regular dimming in a small number of objects.
Limitations of the Besançon-based model
The Besançon-based model used here has certain limitations; it should be noted that the simulation is based only on the observations from one of the SuperWASP-N cameras and it is assumed that none of the stars is blended. Only about two-thirds of the generated planets have periods less than 5 d and, at present, HUNTER only searches for planets with periods in this range. No planets, however, with P > 5 d have S red greater than 10, even with 130 nights of observations. This is because n trans , and therefore S red , decreases with increasing period. The number of planets produced in the simulation is determined to an extent by random numbers and so varies if the simulation is repeated. The simulation used here produced 329 transiting planets from a total of 355 429 stars in the magnitude range 9.5 < V < 13.0, which is a fairly typical number; the simulation was run 15 times and the number of transiting planets produced was found to be 343 ± 25. Additionally, the relatively small number of planets around bright stars somewhat masks the fact that the signal-to-noise ratio is a function of magnitude -bright objects tend to have better signal-to-noise ratios.
Detection efficiency
Because SuperWASP can observe only during the hours of darkness, it is impossible to detect transits of planets with certain ephemerides, for instance a planet that orbits with a period of exactly 1 d, where the transits occur at midday. For a relatively modest number of observing nights, if the number of observed transits, n trans , required to detect a planet is small (2 or 4, say), then the detection efficiency decreases with increasing period, but with spikes of reduced efficiency at certain pathological periods (Fig. 5a) .
Increasing the number of transits required for a detection causes the detection efficiency to drop dramatically at most periods. If one requires a larger number (six or more) of transits for detection, then the detection efficiency is much lower, except for several pathological periods where the detection fraction is such that finding planets with that period is particularly favourable. Increasing the number of observing nights has the effect of increasing the detection efficiency at nearly all periods (Figs 5b, c) .
A common property of many of the current SuperWASP transit candidates (e.g. Christian et al. 2006 ) is their large value of n trans , and that many of the periods coincide with the narrow pathological period ranges where there is a much greater chance of detecting a large number of transits. The effects of red noise can be reduced by increasing the signal-to-noise ratio of the data by requiring that a larger number of transits (≈10) are observed. In order to have a reasonable chance of observing this many transits, especially for planets with periods that are not pathologically favourable, longer time-base observations are required.
The S red values of the simulated transiting planets are shown for 2 yr of observations (130 nights in 2004, and an identical 130 nights 2 yr later) in Fig. 6 . This simulation shows that many more objects have a signal-to-noise ratio above the threshold of 10 after observing for a further season.
With this in mind, the 2006 SuperWASP-N observing season is to be dedicated to observing the same fields as in the 2004 season.
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A further advantage of this policy is that the candidate planets will have very well-determined ephemerides, which will aid follow-up work.
Comparison of detection rates with previous work
The simulation described in this paper allows comparison with the detection rate of transiting HJs estimated by Brown (2003) , who takes no account of red noise. Of the planets generated in the simulation, 63 have a transit depth deeper than 1 per cent, resulting in about 20 detectable planets if we assume that the fraction of transits recovered is about 0.3 for the 38 nights of observations described by Brown. Since there are ∼3.55 × 10 5 stars in our simulation, this gives a detection rate of 0.56 per 10 4 , which is comparable to the 0.39 per 10 4 of Brown. However, our signal-to-noise ratio analysis suggests that, in reality, observations must be made for between 80 and 130 nights for the detection rate of HJs to be as high as 0.39 per 10 4 stars (Fig. 7 ).
C O N C L U S I O N S
We conclude that there is a significant component of systematic, red noise present in data from SuperWASP-N. The SYSREM algorithm of Tamuz et al. (2005) appears highly effective at reducing the level of red noise, but fails to eliminate it entirely. The remaining red noise is present in the data at a level of about 3 mmag on time-scales of 2.5 h, roughly equivalent to a typical transit duration time. This remaining noise has a significant impact on the efficacy of planet detection, as demonstrated by a Monte Carlo simulation based on the Besançon Galaxy model. Our analysis reveals that if observations are conducted for only 51 nights, none of the simulated transiting planets produces a transit detection with a signal-to-noise ratio of 10 or more. A total of 3.72 ± 1.60 planets which transit with S red 10 are predicted for the fields observed in 2004 by one SuperWASP-N camera, which is representative of the other four cameras, so 18.6 ± 8.0 planets are predicted in total. In order to improve the S red , and thus increase the number of detectable planets, a greater number of transits must be observed in the data set of a particular object. This requires observations to be made over a longer time period.
On the basis of the transit detection rates predicted here, the Super-WASP consortium has decided to continue observing all the fields that were monitored during 2004. We expect that this will greatly enhance the number of planetary transit events detected at nonpathological periods. 
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